The clinical effect of cerebral microbleeds (CMBs) on cognition has been receiving much research attention, but results are often inconsistent.
Background
Cerebral microbleeds (CMBs) are radiological entities that appear as small, rounded, homogeneous, hypointense lesions on T2*-weighted gradient-recalled echo (T2*-GRE) and susceptibility-weighted imaging (SWI) [1] . CMBs have emerged as an important new manifestation and diagnostic marker of small vessel pathology. Although CMBs are generally considered to be clinically silent, a study on a neurovascular clinical population has shown a relation between CMBs and cognitive impairment [2] . Currently, the clinical effect of CMBs on cognition remains an active field of research [3] . Abnormal small vessels associated with CMBs are mainly affected by sporadic cerebral small vessel diseases, including hypertensive arteriopathy and cerebral amyloid angiopathy (CAA). Hypertensive arteriopathy and CAA, which are highly prevalent in the elderly, play critical roles in vascular cognitive impairment [4] [5] [6] . Several studies have shown that these 2 disorders are characterized by different patterns of CMB distribution in the brain. Hypertensive arteriopathy is associated with CMBs in deep brain regions (basal ganglia, thalamus, and brainstem), whereas CAA is characterized by CMBs in a lobar distribution [7] . Thus, recognizing the presence of CMBs may aid in the detection, quantification, and mapping of the effects of small vessel disease and amyloid deposition in patients with cognitive impairment. CMBs may be more specific, particularly if their anatomical distributions are mapped, for the underlying pathology than some other imaging manifestations of small vessel diseases [8] .
Research on the effect of CMBs on cognition has been conducted in different populations, and different conclusions have been drawn. Some studies have indicated that CMBs are associated with lower scores on the Mini-Mental State Examination (MMSE) [9] [10] [11] . Another study has shown that executive dysfunction is more common in people with CMBs and is related to CMB location in the frontal lobes or basal ganglia [2] . Multiple CMBs are reportedly associated with lower scores on tests that are sensitive to processing speed and executive function. These associations are stronger in patients with multiple CMBs located in deep or infratentorial regions [12] . By contrast, no association between CMBs and cognitive impairment has been found by other researchers [13] [14] [15] . The Rotterdam Scan Study has recently investigated the association between the number of CMBs and cognitive dysfunction [16] .
Results of the aforementioned studies are inconsistent, partially because they had relatively small sample sizes. Accordingly, this meta-analysis was conducted to address important clinical questions about CMBs and cognitive impairment. We also aimed to quantify the strength of the association between CMBs and cognitive dysfunction, as well as to quantify and map CMBs, which are correlated with detailed cognitive evaluation.
Material and Methods

Search methods
The relevant publications included in this meta-analysis were acquired from the electronic databases of PubMed, Embase, Web of Science, China National Knowledge Infrastructure, Wanfang Data, and China Biology Medicine. The search for information involved the key words: "cognitive dysfunction," "cognitive impairment and microbleeds," and "small vessel disease." The data sources were searched from inception to 31 January 2014. The reference sections of all primary studies were explored for additional references.
Selection criteria
All potentially relevant studies were reviewed if they met the inclusion criteria presented below. The titles and abstracts of the studies were first screened to determine if the studies met the selection criteria. When the study passed the initial screening, the entire article text was retrieved. Published studies with no language or race restrictions were included to avoid any publication bias. Then, citations related to each eligible study were examined, and all references in the retrieved articles were evaluated to acquire all relevant studies.
Inclusion and exclusion criteria
For inclusion, all studies had to be case-control, with participants divided into CMB and non-CMB groups. Studies on CMBs and cognitive function that included patients of any age and sex were considered eligible. CMBs were defined as small, rounded, or ovoid (rather than linear or curvilinear), blooming, homogeneous, hypointense lesions with diameters less than 10 mm on T2*-GRE or SWI [17] . Outcome measures included the presence of CMB lesions that met certain criteria of the Microbleed Anatomical Rating Scale. CMBs were classified into deep areas, lobar regions, or infratentorial categories. Studies that described CMB lesions in a more detailed manner were also included when possible. Deep regions contained the basal ganglia, thalamus, internal capsule, external capsule, corpus callosum, and deep and periventricular white matter; lobar regions included the frontal, parietal, temporal, occipital, and insula; and infratentorial regions comprised the brainstem and cerebellum [8] . Studies that presented the number of CMB lesions were also included in the meta-analysis.
For studies to be eligible, they had to separately evaluate either the global cognitive function in the aggregate or the domains of cognitive function. Studies that diagnosed cognitive dysfunction in various ways, including the MMSE and Montreal Cognitive Assessment (MoCA), were incorporated. MMSE and MoCA were used to test the global cognitive function and covering domains, including abstraction, attention, delayed recall, executive language, memory, naming, and orientation [18] . Studies that measured cognitive function through the neuropsychological test were also included. The neuropsychological test was designed to assess global cognitive functioning with a specific focus on memory and executive function [19] .
Case studies, reviews, and articles that were insufficient in CMB quantification or measurements of cognitive function based on their titles and abstracts were excluded from the meta-analysis. Studies with a more complete description of the data were considered. We also excluded studies with a more complete description of the data and contemporaneously published studies that had the same first author and data acquisition methods and similar patient characteristics, data analysis, and results.
Data extraction and quality assessment
Relevant data in each eligible study were collected and recorded in an Excel spreadsheet. A list of extraction items was then developed, and included: 1) study characteristics, 2) CMB outcomes, and 3) cognitive function outcomes. The principal outcomes of the studies were scores obtained from MMSE, MoCA, and neuropsychological tests. The Newcastle-Ottawa Scale was used to assess the quality of the eligible included studies, which were all case-control.
Statistical analyses
Two reviewers independently screened the abstracts of all eligible studies for primary selection. Screening was based on the inclusion criteria. When the study was indeterminable from the abstract, the paper was included in the full-text screening conducted by the same 2 reviewers. Disagreements were resolved through consultations with a third reviewer. Collected data were analyzed using R software. The odds ratio (OR) was measured, along with a 95% confidence interval (CI) for dichotomous variables. A 95% CI, excluding 1 or P<0.05, was considered statistically significant. Standardized mean difference (SMD) was measured for continuous variables, in which a 95% CI, excluding 0 or P<0.05, was considered statistically significant. Heterogeneity was assessed by Cochran's Q test. P>0.05 was judged as non-significant heterogeneity, and the fixed-effect model was used. P<0.05 was interpreted as evidence of heterogeneity, and the random-effect model was used. The I2 index was calculated to estimate total variation across the studies. A random-effect model was used when I2>50%. A fixed-effect model was used when I2<50%. Risk of publication bias was evaluated by visual inspection of funnel plots. To be more reliable, Egger's and Begg's tests were also conducted to quantify publication bias.
Results
Overview of studies
We identified 376 articles in the primary search 376. Fifty-six studies were excluded after de-duplication, and 320 studies were included after preliminary screening. A total of 254 articles were removed based on their titles and abstracts. Eleven articles lacked relevant information. We excluded 37 articles because the studied population was irrelevant, and 3 review articles were excluded. A total of 15 articles met the inclusion criteria after duplicate removal and full-text review. The process and result of literature screening are shown in Figure 1 . The basic characteristics of the included studies are summarized in Table 1 . The 15 studies included in the meta-analysis were all case-control studies. Seven studies [2, 7, 12 ] received a quality score of 8 out of 9. Four studies [4] [5] [6] 8 ] received a quality score of 7, and the remaining studies [1] [2] [3] received a quality score of 6 (Table 1) .
Publication bias
The funnel plot for studies on the incidence of cognitive impairment was symmetrical. Both Egger's (P=0.11) and Begg's (P=0.233) tests showed that publication bias for these studies was not significant. Similar results were obtained for studies on cognition score. The funnel plots indicated an absence of publication bias, as illustrated by both Egger's (P=0.88) and Begg's (P=0.719) tests (Table 2) . However, the effect size heterogeneity and the small number of studies in this meta-analysis required us to be cautious in interpreting these results. 
Heterogeneity test and synthesized efficacy
Incidence of cognitive impairment in CMB and non-CMB patients
Six studies were eligible for comparing the incidence of cognitive impairment in CMB versus non-CMB patients. The total number of participants was 2228, among which 239 patients served as the case group and 1989 patients served as the control group. The synthesized efficacy (OR) of efficient probability between groups was 3.14 [1.66, 5.92] (P<0.01). This value indicated that the incidence of cognitive impairment was higher in CMB than in non-CMB patients (Figure 2 ).
Comparison of cognitive status assessment between CMB versus non-CMB
A total of 3023 participants (1641 in case group and 1382 in control group) from 11 studies were eligible. A random-effect model was used for meta-analysis with heterogeneity I² of 62.5% (P=0.12). The synthesized effect (SMD) was -0.48 [-0.65, -0.30] (P<0.01). This finding suggested that CMB patients had an impaired cognitive function compared with non-CMB patients. In the subtype analysis based on cognitive measurements, SMD was -0. (Figures 3 and 4) .
Number of CMBs affecting cognitive impairment
The severity of CMBs was determined by the number of CMB lesions. CMBs were considered "mild" when the lesions were These values indicated that a higher number of CMB lesions led to more severe cognitive dysfunction ( Figure 5 ).
Study
Random effects model
Evaluation of cognitive performance in CMBs based on various locations
Four studies were included in the meta-analysis. . However, patients with infratentorial CMBs did not present impaired cognitive function in any of the 7 performances of abstraction, attention, executive, language, memory, naming, or orientation (Table 3) .
Discussion
This meta-analysis shows that patients with CMBs had higher incidence of cognitive dysfunction and lower scores of cognitive function. Evidence from the studies included in the analysis also suggests that a higher number of CMB lesions and CMBs located in lobar regions, deep areas, basal ganglia, and thalamus regions were correlated with cognitive impairment. However, infratentorial CMBs did not significantly affect cognitive impairment. Different locations of CMBs were also associated with different cognitive domains. We believe that this meta-analysis is the first to quantify and compare the strength of association between CMBs and cognitive impairment in terms of incidence rate, cognition score, number and location of CMBs, and specific domains of cognitive function. Moreover, this meta-analysis considered studies that used MMSE, MoCA, and neuropsychological tests to evaluate overall cognitive capacities.
CMBs are histologically characterized by hemosiderin around abnormal small vessels, with necrosis or infarction of the surrounding tissue [20] . CMBs are thus expected to cause cognitive impairment if they disrupt strategically important white matter tracts or cortical areas [2] . The precise pathophysiological mechanisms responsible for the associations between CAA and cognition are yet to be established. One possibility is that vascular amyloid-b deposition progressively affects the function of the neurovascular unit, which is a key player in microvascular and neurodegenerative processes [21, 22] . CAA also causes impaired vascular reactivity that may result in chronic ischemia [23] or acute focal ischemic lesions, which can potentially contribute to clinical impairment. In parallel, small vessel damage (including hypertensive arteriopathy) can lead to impaired clearance of amyloid-b, which results in its further deposition in the vessel wall [3] . Apart from this disorder, evidence also shows that CMBs contribute to tissue damage. Histological research has revealed that hemosiderin deposits, which are characteristic of CMBs, may be surrounded by gliosis, infarction, and necrosis [20] . If positioned at strategic locations, such changes could contribute to cognitive decline [19] .
Results of the meta-analysis showed that cognitive performance was significantly affected when CMBs were located in lobar areas, basal ganglia, and the thalamus. CMBs in the infratentorial did not affect cognitive performance. This finding is consistent with the fact that frontal lobes, basal ganglia, and thalamus participate in frontal-subcortical circuits, which are involved in cognitive function. CMBs in these regions are associated with tissue necrosis that inflicts damage on the frontal-subcortical circuits or white matter tracts, thereby inducing cognitive impairment [24] . Executive function impairment was related to CMBs in lobar regions and basal ganglia. This finding is consistent with the possible direct effect of CMBs on frontal-subcortical circuits, which have important executive functions [2] . Attention impairment was related to CMBs in basal ganglia and thalamus. Attention reflects widely distributed cognitive skills, which are also related to the integrity of frontal-subcortical circuits [2] . Orientation impairment was related to CMBs in lobar regions and the thalamus, and language impairment was related to CMBs in the thalamus. Since the thalamus is also considered part of the neuronal network, it is also integrally involved in cognitive function [25] . However, more studies on specific cognitive domains must be conducted in the future because very few such studies have been conducted. Table 3 . Meta-analysis of cognitive assessment score of different cognitive domains based on different locations of CMBs.
K -number of studies included; SMD -standardized mean difference.
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The effect of CMBs on cognition may also depend on the number of CMB lesions. The RUN DMC Study, which examines nondemented subjects with cerebral small vessel disease, reported significant associations of the presence and number of CMBs with global cognitive function, as measured by the cognitive index, psychomotor speed, and attention. However, no association was found with the MMSE [26] . By contrast, data from the Rotterdam Study (n=3979) suggest that the number of CMBs, especially the presence of 5 or more CMBs, is associated with several non-memory-related cognitive domains, independent of other imaging markers of cerebral small vessel disease. This association suggests an independent role for microbleed-associated vasculopathy in cognitive impairment [16] . Other studies in white populations have failed to identify an independent association between CMBs and cognitive decline [27] . A modest and significant graded relationship was observed between the number of CMBs and lower score of cognitive impairment. This finding suggests that an increasing CMB load may have a more general effect on cognitive function. The effect on general cognitive function is likely to reflect the cumulative effects of CMBs that are widely anatomically distributed in the brain [2] . High counts of CMBs may reflect a worse disease state, which leads to poor cognitive function [28] .
This meta-analysis was limited by the heterogeneity of the results, possibly due to the various methodologies of the studies and the quality of included studies. The population of case and control groups could not be unified because the patients were from hospitals or the community, which may cause selection bias. In addition, MMSE and MoCA scores were easily affected by age and educational level, such that higher education may lead to false-negatives and lower education to false-positives among the elderly. Another limitation of this meta-analysis was that different studies identified CMB lesions using different MRI protocols, which may lead to heterogeneity in the numbers of detected CMB lesions. Unfortunately, most of the studies did not include a detailed analysis of CMB locations and cognitive function domains. Thus, CMB location in lobar regions, basal ganglia, thalamus, and infratentorial locations were included in this meta-analysis, along with 3 studies to measure specific cognitive function domains.
Conclusions
The finding that CMBs are associated with cognitive deficits has potential diagnostic and therapeutic implications [2] . CMBs may also help objectively monitor the progression of small vessel disease in observational or therapeutic studies. Information on the long-term prognosis of continuing cognitive decline with CMBs is insufficient. Future work should focus on determining whether specific treatments (e.g., aggressive hypertension treatment, statin use, and glycemic control) can reduce the formation of CMBs, and on identifying the relation of CMB accumulation to long-term clinical outcomes [29] .
